Thirty postpubertal Holstein heifers were used to investigate the influence of dietary intake on 1) serum concentrations of progesterone (P4) and luteinizing hormone (LH) during diestrus and 2) estrous behavior. Heifers were randomly allotted to receive either 80, 100 or 120% of the National Research Council (NRC) requirements for energy, protein and dry matter intake for 139 d. Heifers were fed their respective diets in groups in outdoor lots for 114 d at which time individual feeding of diets was initiated in a stanchion barn. Estrus was synchronized with two injections of prostaglandin (PG) so that on d 138 of dietary treatment the heifers were in diestrus (~ = d 8 of estrous cycle). Also, on d 138, blood samples were collected via jugular cannula at 20-min intervals for 12 h beginning at 0630. After collection of the 37th blood sample, all heifers were treated with PG and additional blood samples were collected at l-h intervals for 24 h. Immediately thereafter, all heifers were moved to a common outdoor lot for 72 h of continuous observation for estrous behavior. Weight gains during the experimental period differed among groups and were 46 -+ 5, 83 --+ 5 and 113 -4 kg for the heifers fed 80, 100 and 120% of the NRC requirements, respectively. Mean serum concentrations of P4 for the 80% NRC group (4.6 +--.6 ng/ml) tended to be lower than both the 100% (5.9 ---.6 ng/ml) and 120% (6.0 ---.5 ng/ml) NRC groups, respectively. Mean serum concentrations of LH, number of LH secretory peaks/12 h and LH peak amplitude were similar among all NRC groups. Rate of decline in serum P4 after PG was also similar among all NRC groups. In addition, no treatment differences were detected for the percentage of heifers in estrus after PG, interval from PG injection to onset of estrus, duration of estrus, or the total number of behavioral interactions during estrus. In summary, feeding heifers only 80% of NRC requirements of energy and protein tended to lower serum concentrations of P4 during diestrus without altering secretion of LH. In addition, responses of the corpus luteum to exogenous PG and estrous characteristics were not different among heifers fed either 80, 100 or 120% NRC requirements of energy and protein.
Introduction
Serum concentrations of gonadotropins and ovarian steroids during the bovine estrous cycle have been characterized (Hansel et al., 1961; Hansel and Snook, 1970; Henricks et al., 1970; Garverick et al., 1971; Spicer and Echternkamp, 1986 ). However, the mechanism(s) whereby level of dietary intake alters serum concentrations of reproductive hormones is unclear. Progesterone (P4) concentrations in peripheral blood have been reported to decrease (Hill et al., 1970; Beal et al., 1978) , increase (Donaldson et al., 1970; McCann and Hansel, 1986) or remain constant (Apgar et al., 1975; Spitzer et al., 1978) after dietary restriction in cattle. Undernutrition during several estrous cycles in heifers increased concentrations of P4 during the first estrous cycle; during the second and third cycles, however, concentrations of P4 were lower in underfed heifers than in controls (Gombe and Hansel, 1973) . Restricted dietary intake of energy increased both basal and peak concentrations of luteinizing hormone (LH) in heifers (Gombe and Hansel, 1973) , decreased concentrations of LH (Apgar et al., 1975) and had no influence on plasma concentrations of LH in heifers (Hill et al., 1970) . Apgar et al. (1975) postulated that various dietary insufficiencies may affect any of three organs (hypothalamus, pituitary or ovary), depending on which nutrient(s) is limiting. Other major organs such as the liver are also influenced by nutritional intake and thus may in turn affect the function of the hypothalamus, pituitary and ovary. Gombe and Hansel (1973) suggested that the inhibitory feedback of ovarian P4 upon gonadotropin release was less effective in underfed heifers. A high-energy diet fed chronically (150 d) to heifers was associated with higher serum concentrations of P4 as compared with heifers fed maintenance and low-energy diets (Imakawa et al., 1983) . In addition, positive relationships were detected between serum concentrations of LH and body weight change, and between LH pulsatility and body weight change. In contrast, feeding heifers ad libitum (160% National Research Council; NRC, 1978) for a minimum of 48 d did not alter serum concentrations of P4 when compared with heifers fed 90% of NRC requirements (Spicer et al., 1984) . However, it was hypothesized that overfeeding prepubertal heifers may result in increased release of luteinizing hormone releasing hormone pulses, and may cause elevated LH pulse frequency.
Cyclic ovarian function and expression of estrus are inhibited by low levels of feeding and acute fasting in heifers (Bond et al., 1958; Imakawa et al., 1983; McCann and Hansel, 1986) . However, it has not been determined if levels of underfeeding that are not severe enough to result in anestrus alter length and behavioral activity of estrus in heifers.
Therefore, the objective of this experiment was to characterize serum concentrations of P4 and LH during diestrus and estrous behavior in 4CIoprostenol, Miles Lab., Inc., Shawnee, KS. dairy heifers fed either 80, 100 or 120% of the NRC (1978) requirements for energy, protein and dry matter intake.
Experimental Procedure
Animals. Thirty postpubertal Holstein heifers (age = 13.4 • 1.1 mo), having cyclic ovarian function, were randomly assigned to receive either 80, 100 or 120% of NRC recommendations of energy, protein and dry matter intake for 139 d beginning May 1985. Heifers were group-fed their respective diets in three adjacent outdoor lots (each 6 x 10 m). Onehalf of each lot had a dirt surface that was covered by a three-sided shed, facing south. The remaining one-half of each lot had a concrete surface and a feeder, both of which were uncovered. Body weights were determined once every 2 wk. Diets were fed as total mixed rations and were recalculated once every 2 wk using dry-matter values for haylage and corn silage (table 1). One hundred percent of NRC recommendations were calculated to yield an average daily gain of .64 kg; therefore, all three groups of heifers would be in a positive energy balance, although rate of gain would differ. The mean body weight for the group of 30 heifers was used to calculate and balance the ration.
On d 114, heifers were moved into a stanchion barn where individual feeding of diets was initiated. Heifers received 29 and 71% of their daily feed allotment during a morning and evening feeding, respectively. During the individual-feeding period, blood samples were collected three times per week to monitor serum concentrations of P4. On d 137, jugular cannulas were inserted nonsurgically. Estrns was previously synchronized with two 500-/~g injections of a prostaglandin F2ct analogue 4 (PG) on d 91 and 105, so that on d 138 heifers were in diestrus (X = d 8 of estrous cycle). Stage of the estrous cycle was determined for each heifer by determination of P4 concentrations in the blood samples collected thrice weekly. Day 0 was defined as the midpoint of the nadir in cyclic P4 patterns. Those heifers not in the luteal stage of the cycle (d 5 through 14) on d 138 of the experiment were not included in any of the analyses. The number of heifers in the luteal stage at d 138 were 7 of 10, 9 of 10 and 10 of 10 for the 80, 100, and 120% NRC groups, respectively. On d 138, the average day of the estrous cycle for each group was 8.1 ___ .8, 9.2 ---.7, 7.3 ___ .7 for the 80, 100, and 120% NRC treatments, respectively. On d 138, blood samples (10 ml) were collected at 20-min intervals for 12 h beginning at 0630 (37 samples). After collection of the 37th blood sample (1830), all heifers were treated (im) with 500 Ixg PG and additional blood samples (10 ml) were collected at 1-h intervals for 24 h (24 samples). Blood samples were allowed to clot for 24 h at 4 C. Samples were then centrifuged (2,500 x g) for 30 min and serum was harvested and stored in three aliquots at -20 C until assayed for hormonal content.
Immediately after the last blood sample was taken, heifers were moved to a common outdoor lot (10 x 20 m) for 72 h of continuous observation for estrus. During the observation period, attempted mounts (one heifer attempted to mount another without the recipient standing) and standing mounts (recipient stood immobile while another heifer mounted) were recorded.
Measurement of Serum Hormones. Serum concentrations of P4 were determined by radioimmunoassay (Niswender, 1973) using tritiated progesterone 5 as the tracer antigen. Diethyl ether was used for extraction of P4, and P4 in serum samples was quantified in duplicate 200-1xl aliquants. Recovery of 3H-P4 averaged 90%; samples were not corrected for procedural losses. Intra-and interassay coefficients of variation were 10% and 15% (based on 10 assays), respectively. Sensitivity of the assay was . 1 ng/ml. by a heterologous double-antibody radioimmunoassay (Niswender et al., 1969; Diekman and Malven, 1973) using radioiodinated bovine LH (LER 1716-2) 6 as the radioiodinated antigen. The assay was modified by the use of GDN-15 anti-LH serum 7 at a final dilution of 1:240,000. Unknowns were expressed in terms of bovine LH (NIH-B-10) s reference preparation. LH was quantified in duplicate 200-1xl aliquants. Recovery of the purified standard (NIH-B-10) from 50 Ixl of serum averaged 113%. Intra-and interassay coefficients of variation were 6.4 and 15.4%, respectively. Sensitivity of the assay was. 1 ng/ml. Peaks of serum LH during the first 12 h of sampling were identified using a method described previously (Diekman et al., 1983) . A peak was identified as any value greater than one standard deviation above the mean concentration during the sampling period of each heifer. After the peaks had been identified, visual appraisal assured that all peaks had profiles reflecting the normal disappearance of hormone from the blood. Amplitude of LH peaks was defined as the concentration of LH at the peak minus that at the previous nadir. Serum concentrations of P4 and LH for the sampling period (37 samples/heifer) before injection of PG were averaged over the 12-h sampling period. Slope of the PG-induced decline of serum P4 was determined for each heifer by simple linear regression of the hourly samples over the 24-h, post-PG sampling. Time when serum concentrations of P4 after PG decreased by 50% was determined for each heifer.
The percentage of animals in estrus, duration of estrus, interval from PG injection to estrus and total number of each behavioral interaction were determined for each heifer. A heifer was considered to be in estrus when she was observed standing immobile for at least four mounts (each mount must have occurred within 6 h of each other).
Statistical Analyses. To determine differences for the proportion of heifers showing estrus, a chi-square test was utilized. Analysis of variance was used to test treatment effects on mean serum concentrations of LH and P4, number of LH peaks/12 h, peak amplitude of LH, slope of P4 decline, time for a 50% decrease in P4 levels after PG and estrous behavior totals and durations. In addition, serial serum samples were analyzed as a split-plot using an analysis of variance (Steel and Torrie, 1980) 9 Percentage of NRC was considered to be the whole plot, whereas the serial blood samples over time were considered to be the splitplot. Duncan's multiple-range test was utilized to detect differences among means when significance were observed. All analyses of variance were accomplished using the SAS (1982) General Linear Model (GLM) Procedure appropriate for unbalanced data. Least-squares means were estimated and used in Duncan's multiple-range tests. b'CMeans within a column that lack a common superscript letter differ (P<.I0).
Results

Body weights at initiation
variability (P<.001) among individuals within treatments. Serum concentrations of P4 over all treatments at the first and last sample of the 12-h period did not differ (5.1 _ .2 vs 5.6 -4-.2 ng/ml), demonstrating that our sampling technique did not influence serum concentrations of P4. Dietary treatment did not influence mean serum concentrations of LH measured during the 12-h luteal sampling period. Mean LH concentrations were .4 _ .1, .4 _ .1 and .5 -.1 ng/ml for the 80, 100 and 120% NRC groups, respectively. The treatment • time interaction was not significant. Over all treatments, mean LH at the first and last sample taken during the 12-h period did not differ (.3 _ .1 vs .3 -.1 ng/ml). However, LH concentrations among heifers within treatment groups differed (P< .0001). The peak frequency and peak amplitude of LH were not affected by nutritional treatments (table 3) .
Serum concentrations of P4 prior to and after PG administration are shown in table 4. All heifers assessed as in diestrus responded to PG administration and had serum concentrations of P4 less than 2 ng/ml 24 h after PG. Serum concentrations at the time of PG were lower (P< .01) in the 80% NRC group than in either of the other groups, and this difference among groups still was present (P<.05) 24 h after PG. However, the rate of P4 decline did not differ among dietary treatments. Likewise, time for P4 concentration to decline to 50% of the pre-PG concentration for each heifer did not differ among dietary treatments. When analyzed across all treatments, rate of P4 decline was associated (P<.001) with serum concentrations of P4 during diestrus.
Dietary treatment tended to influence (P< .08) mean serum concentrations of P4 during the 24-h period following PG injection when P4 was declining. Concentrations of P4 averaged 1.9 _ .3, 2.6 ___ .2 and 2.7 ___ .2 ng/ml for the 80, 100 and 120% NRC groups, respectively. The 80% group had a lower (P<.05) mean concentration of P4 than the 100 and the 120% groups. The treatment x time interaction was not significant, but there were differences aValues are least-squares means • SE. bTotal number of activities during standing estrus. CA standing mount was defined as one heifer standing immobile when mounted by another heifer. dan attempted mount was defined as one heifer not standing immobile when mounted by another heifer. e'fMeans within a column that lack a common superscript letter differ (P<. 10).
(P<.001) among individuals within treatments. Also, the first and last blood sample taken during this 24-h, post-PG period over all treatments differed (3.4 _ . 1 vs 1.6 _ . 1 ng/ml, respectively; P<.0001). Mean serum concentrations of LH during the 24-h sampling period after PG did not differ among treatments. Over all treatments, mean concentrations of LH were higher (P<.0001) in the last sample 24 h post-PG than in the sample 1 h post-PG (1.3 -+ .1 vs .2 -4-.1 ng/ ml, respectively).
Proportion of heifers exhibiting estrus after PG injection did not differ among treatment groups (table 5) . Hours from PG injection to onset of estrus were similar for all groups (49 -7, 40 • 6 and 37 • 7 h for the 80, 100, and 120% NRC groups, respectively), and duration of estrus did not differ among groups. Also, dietary treatment did not influence total number of mounts received for the 120% NRC group, although the 80% NRC groups received fewer mounts (P<.10) than the 100% NRC group. Conversely, the 100% NRC group initiated fewer mounts (P<. 10) as compared with the 80% NRC group. However, dietary intake had no effect on numbers of attempted mounts initiated and attempted mounts received (table  5) .
Discussion
Feeding 80% of the NRC requirements resulted in a positive energy balance and a net weight gain. Therefore, the present study investigated the effects of dietary intake in heifers at three different rates of gain, unlike the dietary treatments used in previous experiments (Imakawa et al., 1983 (Imakawa et al., , 1984 . One of our objectives was to study nutritional effects on estrous behavior; we did not want heifers to be losing weight because it has been reported that chronic weight loss resulted in anestrus in beef heifers (Imakawa et al., 1984) .
Mean serum concentrations of P4 have been reported to be lower in heifers fed restricted diets compared with control-fed heifers (Hill et al., 1970; Gombe and Hansel, 1973) . Our data are similar because the 80% NRC group tended to exhibit lower mean concentrations of P4 than was observed in the 100 and 120% NRC groups. However, overnutrition (>_120% NRC) did not influence mean serum concentrations of P4 as compared with 90 to 100% NRC as reported earlier by Spicer et al. (1984) . Recently, Imakawa et al. (1986) reported that concentrations of P4 during the luteal stage were positively correlated with body weight changes in heifers fed a low (7.7 Mcal metabolizable energy-animal-l.d -l) or high (19.2 Mcal metabolizable energy'animal-I'd -I) energy diet for 59 and 89 d. Thus, body weight changes induced by dietary energy manipulation were linearly related to P4 secretion.
Serum concentrations of LH were not affected by dietary treatment, even though P4 concentrations tended to differ. Because our blood sampling period was during the luteal phase of the cycle, when basal concentrations of LH were relatively low, it was difficult to detect differences in serum concentrations of LH among treatments.
Serum concentrations of LH have been reported to increase (Gombe and Hansel, 1973) or decrease (Apgar et al., 1975) after dietary restriction had existed for three estrous cycles. Gombe and Hansel (1973) concluded that depressed P4 secretion in underfed heifers was responsible for the elevated LH levels because less inhibitory feedback from gonadal steroids would enhance gonadotropin release. Perhaps in the present study, concentrations of P4 were not depressed enough in the 80% NRC group to alter negative feedback upon gonadotropin release. Also, after long-term feeding, the heifers may have adjusted to altered negative feedback of ovarian P4 so that no noticeable differences were detected in LH release. A feeding period of 138 d would be sufficient time for the heifers to alter their metabolic setpoint and accommodate for a decrease in dietary intake.
Dietary intake had no influence on pulsatile release patterns of LH during the luteal phase. This is in agreement with a study by Imakawa et al. (1986) in which dietary energy levels causing body weight changes were not related to LH pulse frequency or amplitude after 59 and 89 d of feeding. Similarly, after a 100-to 200-d overfeeding trial, baseline concentrations of LH and follicle-stimulating hormone were unaffected in dairy heifers (Spicer et al., 1984) . The number of LH peaks per 12 h and peak amplitude of LH we observed were similar to previous findings (Waiters et al., 1984; Schallenberger et al., 1985) .
Feeding level did not alter the proportion of heifers exhibiting estrus after PG, and the interval from PG injection to onset of estrus was not different among treatment groups. Spicer et al. (1981) observed the occurrence of the LH surge between 48 to 60 h after administration of PG to beef heifers. Although it was not reported, estrus would have presumably started near the time of the LH surge , or 36 to 48 h after PG injection, which supports the results of the present study. In the present study, there was a significant association between rate of P4 decline and serum concentrations of P4 prior to PG (during diestrus); therefore, we conclude that higher mean concentrations of P4 result in a quicker disappearance of P4 from serum after PG administration.
Dietary treatment had no influence on duration of estrus, which averaged 17.5 _+ 1.6 h overall. Wishart (1972) reported a mean duration of estrns in heifers of 14.7 _ 1.6 h when observations were made every 2 h. Using continuous observation, as in the present study, Esslemont and Bryant (1976) reported an average duration of estrus (14.9 ___ 4.7 h) that was similar to that observed in our experiment.
Nutritional intake did not influence behavioral estrous traits such as attempted mounts initiated and attempted mounts received; however, initiating and receiving mounting activity was affected. The importance of these results is unclear because no consistent trends are evident when comparing nutritional groups. Because the total number of behavioral interactions for each nutritional group agree with the estrous activity observed by Davidge et al. (1987) , it is doubtful whether the dietary treatments used in the present study alter the endocrine mechanisms responsible for the expression of estrus.
It is difficult to investigate nutritional influences on estrous behavior because chronic diet restriction has resulted in ovarian acyclicity. However, the chronic dietary treatments in the present study were not much different from what is recommended (100% NRC), so no detectable alterations in estrous activity were observed. Unfortunately, present knowledge indicates that dietary restriction must be extreme to result in weight loss in order to affect behavioral estrous activity, at which time heifers undergo anestrus and ovarian cyclicity ceases. Imakawa et al. (1983) concluded that concentrations of P4 and estrous cycle length were normal during the cycle preceding the onset of anestrus in heifers. Therefore, we hypothesize that if estrus occurs, the full complement of behavioral activities associated with estrus are expressed and that nutrition cannot induce gradations in estrous behavioral traits.
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